GPCR-controlled membrane recruitment of negative regulator C2GAP1 locally inhibits Ras signaling for adaptation and long-range chemotaxis Eukaryotic cells chemotax in a wide range of chemoattractant concentration gradients, and thus need inhibitory processes that terminate cell responses to reach adaptation while maintaining sensitivity to higher-concentration stimuli. However, the molecular mechanisms underlying inhibitory processes are still poorly understood. Here, we reveal a locally controlled inhibitory process in a GPCR-mediated signaling network for chemotaxis in Dictyostelium discoideum. We identified a negative regulator of Ras signaling, C2GAP1, which localizes at the leading edge of chemotaxing cells and is activated by and essential for GPCR-mediated Ras signaling. We show that both C2 and GAP domains are required for the membrane targeting of C2GAP1, and that GPCR-triggered Ras activation is necessary to recruit C2GAP1 from the cytosol and retains it on the membrane to locally inhibit Ras signaling. C2GAP1-deficient c2gapA − cells have altered Ras activation that results in impaired gradient sensing, excessive polymerization of F actin, and subsequent defective chemotaxis. Remarkably, these cellular defects of c2gapA − cells are chemoattractant concentration dependent. Thus, we have uncovered an inhibitory mechanism required for adaptation and long-range chemotaxis.
chemotaxis | adaptation | G protein-coupled receptor | Ras activation | Ras GAP C hemotaxis is a directional cell migration guided by chemoattractant gradients (1) (2) (3) . This cellular behavior plays critical roles in many physiological processes, such as neuron patterning, immune responses, angiogenesis, metastasis of cancer cells, and the early development of the model organism Dictyostelium discoideum (4) (5) (6) . Chemotactic cells detect and respond to a large range of concentrations of chemoattractants. For example, D. discoideum cells chemotax toward their chemoattractant cAMP gradients from 10 −9 to 10 −5 M (7). Chemoattractant sensing has several key features. First, in response to sustained stimuli, cells display a transient response, a process referred to as "adaptation" (8, 9) . The critical nature of adaptation is that adaptive cells no longer respond to the continuing, existing stimuli but remain responsive to stimuli at higher concentrations. Second, cells translate extracellular cAMP gradients into polarized intracellular responses, a process called "spatial amplification" (9) (10) (11) (12) . Because of their capability for temporal adaptation and spatial amplification, the cells chemotax in a chemoattractant gradient over a large range of concentrations. To explain these features, many abstract models have been proposed over the years (9, 13, 14) . All models agree on the temporal dynamics of adaptation: an increase in receptor occupancy activates two antagonistic signaling processes: a rapid "excitation" that triggers cell responses and a temporally delayed "inhibition" that terminates the responses to reach adaptation. The central debate focuses on the spatial distribution and the activation mechanism of the inhibition that balances excitation to achieve spatial amplification for gradient sensing (8, 9, 13, 15, 16) . Although many of the molecular mechanisms of the excitation process have been discovered, those of the inhibitory processes are still largely elusive (17, 18) .
In D. discoideum, cAR1 GPCR (cAMP receptor)-mediated PIP 3 responses display all of the features of chemoattractant sensing. In response to uniformly applied cAMP stimulation, the signaling pathway leading to the PIP 3 response contains four steps with different kinetics. First, cAMP binds to cAR1 receptor (19, 20) . Second, activated cAR1 induces a persistent dissociation/activation of heterotrimeric G proteins (12, 21, 22) , indicating that adaptation occurs downstream of heterotrimeric G protein activation. Third, Ras is activated by guanine nucleotide exchange factors (GEFs), which catalyze the exchange of RasGDP (inactive) to RasGTP (active); then GTPase-activating proteins (GAPs) inactivate RasGTP by converting it to RasGDP via stimulating its intrinsic GTPase activity (17, 18, 23, 24) . A uniformly applied cAMP stimulation triggers a transient, robust Ras activation followed by a second, small activation associated with pseudopod protrusion (17, 24, 25) . Fourth, PIP 3 is generated via activation of PI3K and regulation of PTEN membrane localization. PI3K is activated by Ras and phosphorylates the phospholipid PIP 2 to PIP 3 in the membrane; in the meantime, PTEN transiently withdraws from the plasma membrane to allow accumulation of PIP 3 and then returns to the membrane where it dephosphorylates PIP 3 to PIP 2 (24, (26) (27) (28) (29) . In conclusion, sustained cAMP stimulation induces persistent dissociation (activation) of heterotrimeric G protein as well as transient and adaptive responses of both Ras activation and PIP 3 production (12, 24, 26, 28) . Ras activation is the first step in the Significance Eukaryotic cells migrate through a gradient with a huge concentration range of chemoattractant stimuli by employing "adaptation," in which cells no longer respond to the present stimuli, but remain sensitive to stronger stimuli. Many models agree on the "temporal adaptation": a rapid "excitation" that triggers cellular responses and a temporally delayed "inhibition" that terminates the responses to reach adaptation. The inhibitory mechanism largely remains elusive, although many molecules of the excitatory signaling pathway have been identified. In the present study, we showed that GPCR-activated Ras negative regulator C2GAP1 locally inhibits Ras signaling for adaptation and long-range chemotaxis.
GPCR-mediated signaling pathway that displays adaptation behavior, indicating the involvement of an inhibitory process acting on Ras signaling and potential roles of Ras inhibitors in chemotaxis (17, 24) (Fig. 1A) . There are 18 genes (Fig. S1 ) that encode potential Ras GAP proteins in the genome of D. discoideum. Disruption of RasGAP gene, nf1 (nf1
, results in enhanced Ras activation (18, 30) . Ddnf1 − cells display impaired chemotaxis toward the cAMP gradient (18) , consistent with the pivotal role of Ras in GPCRmediated chemotaxis. Interestingly, although nf1 − cells also have increased Ras and PIP 3 activation, they did not show clear chemotaxis defect, but instead, they displayed strong defects in micropinocytosis and axenic growth (30) . Despite the potential roles of Ras inhibitors in chemotaxis, we still do not know the molecular mechanisms by which GPCR controls spatiotemporal activities of RasGAPs for chemoattractant sensing. We previously demonstrated the existence of a locally regulated inhibitory process that is upstream of PI3K/PTEN and is required for proper PIP 3 responses (12, 14, 31) . Thus, we propose that D. discoideum cells may require more than one GAP protein to regulate Ras activation in response to various stimuli and chemotaxis in different concentration gradients.
In the present study, we studied the role of a C2 domaincontaining Ras GAP protein (C2GAP1) in D. discoideum. Specifically, C2GAP1 is highly expressed in cAMP-chemotactic D. discoideum cells and localizes at the leading edge of chemotaxing cells. Cells without C2GAP1 failed in the GPCR-mediated adaptation of Ras activation and showed defects in gradient sensing, polarization, and chemotaxis in a chemoattractant concentration-dependent manner. Our findings uncover a molecular mechanism of the inhibitory process at the level of Ras activation, via which cells achieve the adaptation and effective chemotaxis in response to gradients of a chemoattractant over a broad range of concentrations.
Results

C2GAP1
Is a cAMP-Activated RasGAP. It has been proposed that the cAR1/G protein machinery activates both an activator (RasGEF) and an inhibitor (RasGAP) to generate a transient Ras activation upon cAMP stimulation (14, 24, 31, 32) . However, a cAR1-regulated inhibitor of Ras has yet to be identified. Our previous study suggested that there is a locally controlled inhibitory mechanism that is required for cAR1-mediated PIP 3 responses and possibly acts on Ras signaling (14) . This led us to identify membrane-targeting Ras GAPs and to study their roles in cAR1-mediated chemotactic responses. Among the 18 genes that encode potential GAP proteins (Fig. S1 ), we identified one putative RasGAP (DDB0220496, c2gapA), which possesses a C2 domain and is designated C2GAP1. Using a real-time PCR analysis to quantify mRNA levels, we found that the expression of the c2gapA gene highly increased in the cAMP chemotactic-competent stage during development of D. discoideum (Fig. S2 ). This temporal expression profile is similar to those of key components for cAMPmediated chemotaxis, such as cAR1 and Gα2 (33) . To evaluate the potential role of C2GAP1 in Ras signaling, we examined the association between YFP-tagged C2GAP1 (C2GAP1-YFP) and Ras upon cAMP stimulation, using a coimmunoprecipitation analysis (Fig. 1B) . We found that the cAMP stimulation promoted a transient association between C2GAP1 and Ras proteins. Specifically, C2GAP1 interacted with RasC and RasG (Fig. 1C) , which are two major Ras isoforms for cAMP chemotaxis in D. discoideum (34, 35) . It is well known that Ras GAP proteins increase the intrinsic GTPase activity of Ras by providing a catalytic arginine called R finger (36) . The R finger is conserved in C2GAP1 and corresponds to R616 (Fig. S3) . To examine the enzymatic activity of C2GAP1, the GAP domains of wild-type (WT) and R-finger mutant (R616A) were purified from Escherichia coli and their GTPase activity was assessed by a HPLC-based reversed phase chromatography (Fig. 1D) . The WT GAP domain stimulated the low intrinsic hydrolysis rate of RasG, while the R-finger mutant R616A completely lost its enzymatic activity. These results together indicate that C2GAP1 is a cAMP-mediated Ras GAP protein.
To investigate the function of C2GAP1, we generated c2gapA knockout (c2gapA − ) cells using the homologous recombination technique and confirmed the disruption of the c2gapA gene using Southern blot analysis (Fig. S4A) . All c2gapA − clones displayed similar phenotypes, which include impaired cAMP-mediated aggregation and fewer fruiting bodies during development. These phenotypes were rescued by the expression of C2GAP1 tagged with YFP (C2GAP1-YFP) in the cells (Fig. S4 B and C) . c2gapA − cells showed normal Ras activation during micropinocytosis in a vegetative, growing stage (Fig. S4 D and E) , consistent with the expressing profile of C2GAP1 only high in cAMP-chemotactic cells. To examine the possible role of C2GAP1 in cAMPmediated Ras signaling, we used a pull-down assay to determine the temporal profiles of Ras activation in both WT and c2gapA − cells in response to cAMP stimulation ( Fig. 1 E and F) . WT and c2gapA − cells had similar cAMP production in response to cAMP stimulation, which was completely blocked by 5 mM caffeine treatment (Fig. S5) . Hence, 5 mM caffeine was always presented to the cells in all of the following experiments to eliminate cAMP signal relay and its effect on cell response (37) (Fig. S5 ). After cells were stimulated with cAMP, cell lysates were incubated with agarose beads conjugated with GST-tagged RBD (the active Rasbinding domain of Raf1) to pull down active Ras proteins, which were detected by an anti-pan Ras antibody ( Fig. 1 E and F) . In contrast with the low basal Ras activation in WT cells, resting c2gapA − cells had a slightly higher Ras activation, indicating a role of C2GAP1 in keeping the basal Ras activity at a low level. As previously reported (17, 24) , cAMP induced a large, transient activation of Ras followed by a small activation of Ras in WT cells. In c2gapA
− cells, the stimulation also triggered an initial, transient Ras activation, unlike in WT cells, followed by a robust and prolonged second Ras activation, indicating that Ras activation in c2gapA − cells does not adapt properly. We further monitored the spatiotemporal dynamics of Ras activation in WT and c2gapA − cells (Fig. 1G ). Cells expressing an active Ras probe, RBD-GFP (active Ras-binding domain of Raf1 tagged with GFP, green) were imaged in time lapse by fluorescent microscopy before and after cAMP stimulation (red). In response to uniformly applied cAMP stimulation, RBD-GFP translocated to the membrane and then mostly returned to the cytoplasm followed by a second localization in the protrusion sites in WT cells, while more RBD-GFP remained on the membrane after the initial translocation in c2gapA − cells. To examine the F-actin-independent Ras adaptation profile, we then monitored RBD-GFP dynamics in latrunculin B (Lat B)-treated, immobile cells. Treatment with 5 μM latrunculin completely abolished preexisting F actin and blocked cAMP-triggered actin polymerization (Fig. S6A) . In Lat B-treated, immobile WT cells, uniform cAMP stimulation also triggered membrane translocation of RBD-GFP, which peaked at about 6 s, then gradually decreased, and returned to the cytoplasm at about 30 s (Movie S1), indicating a typical Ras adaptation as previously reported (18, 24, 32) . This result also confirms that the second, relatively small Ras activation in F-actin intact cells associates with the pseudopod and is F-actin dependent (17, 25, 32) . In c2gapA − cells, the stimulation induced a similar transient membrane translocation of RBD-GFP followed by a return to cytosol at about 30 s. However, in contrast to WT cells, RBD-GFP translocated to the membrane again at 60 s (see 60 s and 120 s), indicating that Ras activation fails to persistently adapt in c2gapA − cells in an F-actin-independent manner (Movie S2). Interestingly, the second membrane translocation of RBD-GFP in c2gapA − cells was polarized, but random in direction (Fig. S6B ). Quantitative analysis of Ras activation from multiple The experiments in Fig. 1 were repeated using two independent c2gapA − clones, with the same results.
Lat B-treated cells is also shown (Fig. 1H and Fig. S6C ). We then monitored Ras activation in WT and c2gapA − cells exposed to a 10-μM cAMP gradient ( Fig. 1I and Fig. S6D ). Only those WT cells that were relatively close to the cAMP source, displayed RBD-GFP accumulation in the front facing the cAMP source, while most c2gapA − cells, even those far away from the cAMP source, displayed RBD-GFP membrane accumulation but often in the wrong direction, suggesting hyperactivation of Ras and impaired gradient sensing in c2gapA − cells. Taken together, these results indicate that C2GAP1 is a GPCR-activated RasGAP that suppresses Ras activation in response to various fields of chemoattractant stimuli in an F-actin-independent fashion.
Ras Is Required for Membrane Targeting of C2GAP1. To understand how cAR1 GPCR controls the function of C2GAP1, we examined possible molecular mechanisms underlying membrane targeting of C2GAP1 (Fig. 2) . Using confocal microscopy, we first examined the spatiotemporal localization of C2GAP1 in live cells in response to cAMP stimulation ( Fig. 2A) . A cAMP stimulation (red) triggered robust membrane translocation of C2GAP1-YFP (green) in the cells without or with Lat B treatment. In addition, PI3K inhibitor did not block the cAMP-induced membrane translocation of C2GAP1 (Fig. S7) . These results indicate that the cAR1-mediated membrane translocation of C2GAP1 is independent of F actin and PI3K-mediated PIP 3 production. In a cAMP gradient, C2GAP1-YFP was recruited to the leading edge, where active Ras accumulates, in a chemotaxing cell (24) (Fig. 2B and Fig. S8 ). We next measured the dynamics of cAMP-induced Ras activation and membrane translocation of C2GAP1 in the cells expressing both RBD-RFP and C2GAP1-YFP (Fig. 2C) . In nonpolarized, Lat Btreated cells, cAMP stimulation induced the membrane translocation and colocalization of RBD-RFP and C2GAP1-YFP. Our quantitative analysis showed similar membrane-translocation dynamics of C2GAP1-YFP and RBD-RFP (Fig. 2D) , suggesting that Ras on the membrane might contribute to the recruitment of C2GAP1 from cytosol to the membrane. We then examined the membrane translocation of C2GAP1-GFP in the cells lacking both RasC and RasG. It has been previously shown that the rasC − : rasG − cells express a low level of cAR1 (35) . Thus, we epigenetically expressed cAR1 in rasC Fig. 2 E and F) , suggesting that RasC and/or RasG are required for the membrane recruitment of C2GAP1. In addition, cells expressing dominant negative RasC(S17N) or RasG(S17N) showed significantly reduced cAMP-mediated membrane translocation of C2GAP1, while the expression of constitutively active RasC(G12V) significantly enhanced the membrane translocation of C2GAP1 upon cAMP stimulation (Fig. S10 A and B) . We also found that C2GAP1 interacts with RasC/G independent of the nucleotidebound state (Fig. S10C ) and the overexpression of the Ras mutants in the cells did not significantly affect the membrane localization of C2GAP1 in unstimulated cells (Fig. S10 D-F) . These results together suggest that cAMP-mediated membrane translocation of C2GAP1 is Ras dependent, and requires an additional Ras-dependent signal. To further understand the domain requirement for C2GAP1 membrane targeting, we generated truncation mutants of C2GAP1 lacking either the GAP domain (ΔGAP-YFP) or the C2 domain (ΔC2-YFP) (Fig. 2G ) and tested their membranetargeting ability in response to cAMP stimulation. We found that both ΔGAP-YFP and ΔC2-YFP mutants failed to translocate to the membrane ( Fig. 2 H and I) . These results indicate that cAMPinduced membrane translocation of C2GAP1 is Ras dependent and requires both C2 and GAP domains.
It has been proposed that a stronger receptor activation induces a higher level of inhibition to produce adaptive responses in a cell (14, 32) . To explore the role of C2GAP1 in the response to stimulation with different concentrations of cAMP, we first determined the dynamics of Ras activation in response to stimulation with low (10 nM) and high (10 μM) concentrations of cAMP. We sequentially stimulated Lat B-treated WT cells expressing RBD-GFP with 10 nM cAMP at time 0 s and then with 10 μM at 90 s, and measured the membrane translocation of RBD-GFP, which monitors dynamics of Ras activation (Fig. 2J) . We found that each of the stimuli triggered a transient Ras activation. However, after the transient activation, Ras adapted to different levels: a complete return to the prestimulus level, designated a perfect adaptation, in response to 10 nM cAMP; and an incomplete return to a higher level than the prestimulus baseline, designated an imperfect adaptation, in response to 10 μM cAMP. Thus, more Ras proteins remain active after adaptation in response to a stronger stimulation. We next monitored the membrane translocation of C2GAP1-YFP in response to stimulation with 10 nM or 10 μM cAMP (Fig. 2K) . We found that in response to 10 nM cAMP stimulation, C2GAP1 rapidly translocated to the membrane and then returned to the cytosol at close to the prestimulus level. At the same time, in response to 10 μM cAMP stimulation, C2GAP1-YFP also quickly translocated to the membrane, and more C2GAP1-YFP remained on the membrane instead of returning to the cytosol (Fig. 2L) . Taken together, these results suggest that a stronger cAMP stimulus induces more active Ras during the adaptation, and that more C2GAP1 proteins are subsequently retained on the plasma membrane. The cAR1/G protein machinery regulates Ras activation for proper PIP 3 responses, such as the adaptation to uniform cAMP stimuli (6, 24) . To examine the function of C2GAP1 in the cAMPcontrolled PIP 3 response, we examined cAMP-induced membrane translocation of pleckstrin homology domain of CRAC tagged with GFP (PHcrac-GFP) and PKBR1 phosphorylation (6, 38) . In WT cells, we observed biphasic PIP 3 production and a transient PKBR phosphorylation in response to uniform stimulation, consistent with previous reports (38) (39) (40) and the Ras activation profile in WT cells (Fig. 1E) . In c2gapA − cells, we detected prolonged, nonadaptive PIP 3 production and PKBR1 phosphorylation (Fig. 3  A and B and Fig. S11 ). To examine the F-actin-independent PIP 3 response, we next monitored PHcrac-GFP membrane translocation in nonpolarized, Lat B-treated WT and c2gapA − cells (Fig. 3 C and D) . In WT cells, stimulation with a saturating dose of cAMP (10 μM) triggered a robust membrane translocation of PHcrac-GFP, which peaked at about 6 s, then gradually decreased, and finally returned to its basal level at about 20 s in WT cells, a typical adaptation of PIP 3 response as previously reported (6) . This result also indicates that the second PIP 3 production observed in Fig. 3A is F-actin dependent. In c2gapA − cells, the same stimulus induced an initial transient membrane translocation of PHcrac-GFP followed by a return to cytosol at about 20 s. However, PHcrac-GFP translocated to the membrane again at 120 s, indicating a failure of the persistent adaptation of the PIP 3 response in c2gapA
− cells in a F-actin-independent manner. Interestingly, we found that stimulation with a low dose of cAMP (10 nM) induced adaptive PIP 3 responses in both WT and c2gapA − cells. We quantitatively measured PIP 3 responses in WT and c2gapA
− cells and confirmed the defect in PIP 3 adaptation in c2gapA − cells when they were stimulated with 10 μM cAMP (Fig.  3D) . We next determined PIP 3 responses to stimulation with different concentrations of nonhydrolysable cAMP, Sp-cAMPS, (10 nM, 100 nM, 1 μM, and 10 μM) (41). Consistent with results in Fig. 3 A and B , WT cells displayed PIP 3 adaptation to all concentrations of cAMP, while c2gapA − cells often failed to adapt to the stimuli at high concentrations (Fig. S12 and Movies S3 and S4). The result shows a correlation between the strength of the cAMP stimuli and the percentage of c2gapA − cells that fail in the PIP 3 adaptation (Fig. 3E) . To understand the relationship between Ras activation and PIP 3 production, we simultaneously monitored the membrane translocation of RBD-GFP and PHcrac-RFP in the same cells. We found that the dynamics of PIP 3 production closely followed those of Ras activation in the cells (Fig. S13 ). All results demonstrate that C2GAP1-mediated Ras signaling is essential for the proper adaptation of the PIP 3 response in a chemoattractant concentration-dependent, F-actin-independent manner. c2gapA − Cells Display Impaired Gradient Sensing. One key feature of gradient sensing is that a cell is able to translate an extracellular gradient into a polarized intracellular response, such as a sharp accumulation of PHcrac-GFP (PIP 3 crescent) in the front of the cell facing the source of a chemoattractant (9) . To understand the consequence of Ras hyperactivation observed in c2gapA − cells (Fig. 1I) , we monitored the distribution of PHcrac-GFP in WT and c2gapA
− cells in response to a cAMP gradient (Fig. 4A) . Cells expressing PHcrac-GFP were treated with 5 μM Lat B and exposed to 10 μM cAMP gradients. WT cells showed PHcrac-GFP accumulation in a small and restricted area of the plasma membrane facing the cAMP source. However, c2gapA
− cells displayed significantly broadened PHcrac-GFP accumulation in the front (Fig. 4 A and B) . This result indicates that c2gapA − cells fail to restrict the PIP 3 response to form a sharp PIP 3 polarization.
Another feature of gradient sensing is that cells are able to reorient their directional responses toward a changing gradient (22) . To examine whether c2gapA − cells are able to reestablish PIP 3 polarization efficiently in response to a new gradient, we performed the "changing-direction" experiment, in which an original cAMP gradient was removed from cells that had established PIP 3 polarization, followed by the application of a "new" gradient in the opposite direction (Fig. 4C) . In response to the change in gradient direction, WT cells rapidly cleared existing PIP 3 crescents and quickly made new ones facing the new gradient at about 60 s. However, c2gapA
− cells took a significantly longer time (∼90 s) to discard the original PIP 3 crescents and to generate new ones facing the new gradient (Fig. 4D) . Some c2gapA − cells even failed to generate PIP 3 crescents facing the new direction (Fig. 4C) . Our results indicated that c2gapA
− cells have an impaired gradient sensing machinery that is unable to generate proper responses to gradients, especially to changing ones.
Excess Actin Polymerization Impairs Chemotaxis in c2gapA − Cells. To understand the function of C2GAP1 in cAR1-mediated actin responses, we first measured cAMP-induced actin polymerization by quantifying the ratio of globular (G) actin and actin filaments (F) over a time course (Fig. 5 A and B) . In WT cells, stimulation with a high concentration of cAMP (10 μM) induced an actin polymerization process that had an initial, rapid increase followed by an elongated, small second peak, as previously reported (17, 38) . On the other hand, in c2gapA − cells, the stimulation triggered an excess actin polymerization that had a larger initial increase followed by a much bigger and persistent elevation. Next, we imaged the cAMP-induced actin response in live cells expressing an F-actin probe (lifeact-GFP) using confocal microscopy (42) . Upon cAMP stimulation at 2 s (red), lifeact-GFP translocated to the cell cortex, indicating an increase in F actin in both wild-type and c2gapA − cells (Fig. 5C ). Quantitative analysis showed that after the initial response, c2gapA − cells displayed much stronger second membrane translocation of lifeact-GFP than WT cells did (Fig.  5D ), indicating that cAMP stimulation induces excess actin polymerization in cells lacking C2GAP1. We then visualized F-actin distribution in chemotaxing cells in a cAMP gradient (Fig. 5E ). WT cells chemotaxed effectively toward the micropipette releasing 10 μM cAMP, while c2gapA − cells did not migrate close to the micropipette. Migrating WT cells were highly polarized, with narrow leading fronts and trailing ends, which were marked by lifeact-GFP. However, c2gapA − cells were less polarized, with significantly broadened fronts or massive accumulations of lifeact-GFP on the periphery. Taken together, our results show that saturating cAMP stimuli induce excess actin polymerization and subsequent impairment of chemotaxis in c2gapA − cells.
Chemotaxis Defects in c2gapA − Cells Are cAMP-Concentration Dependent.
To understand the role of C2GAP1 in chemotaxis, we imaged cell movement toward a micropipette releasing cAMP (10 μM), traced the cell migration, and quantitatively determined four chemotaxis parameters for WT, c2gapA − , and c2gapA − /C2GAP1-YFP cells using the Dynamic Imaging Analysis System (DIAS) (43) (Fig.  6A) . We found that c2gapA − cells exhibited poorer directionality, lower speed, shorter travel path length, and much reduced cell polarization (Fig. 6B) . Consistent with the significant accumulations of active Ras and PIP 3 on the front (Figs. 2 and 4) , migrating c2gapA − cells showed significantly broadened leading fronts and often generated random pseudopods (Fig. 6C) . c2gapA − cells were also much less polarized and less mobile than WT cells. These defects of c2gapA − cells were rescued by expressing C2GAP1-YFP. The behavior of c2gapA − cells resembles the chemotaxis defects observed in the cells expressing constitutively active Ras (38) . Taken together, our results demonstrate that C2GAP1 plays a key role in GPCR cAR1-mediated chemotaxis in D. discoideum cells.
It has been proposed that cells require inhibition processes to adapt to existing stimuli while maintaining sensitivity to stronger stimulation for long-range chemotaxis (9) . In this context, we last examined the chemotaxis behavior of WT and c2gapA − cells in cAMP gradients at high (10 μM) or low (100 nM) concentrations. A micropipette releasing cAMP (red) was placed next to the cells (green), and cell migration toward the gradient was imaged in time lapse by confocal microscopy. At 20 min, many WT cells had accumulated near the micropipette generating either 10 μM or 100 nM cAMP gradient (Fig. 7A) . The c2gapA − cells accumulated near the micropipette releasing 100 nM cAMP, but not near the one releasing 10 μM cAMP. Using the DIAS software, we traced the chemotaxing cells in time lapse and measured the chemotaxis parameters of WT and c2gapA − cells in both 10 μM and 100 nM cAMP gradients (Fig. 7B) . We found that c2gapA − cells not only displayed a more severe chemotaxis defect in a 10 μM cAMP gradient, including poor directionality, low speed, short path, and less polarization (Fig. 7C ), but also, the severity of their chemotaxis defects inversely correlated with the distance from the cAMP source (Fig. 7D) . Furthermore, we carried out a "mixing" experiment: WT (green) and c2gapA − (red) cells were mixed and allowed to chemotax in the same 100-nM or 10-μM cAMP gradient. We verified that c2gapA − cells chemotaxed as well as WT cells did in the 100 nM cAMP gradient but did poorly in a 10-μM cAMP gradient (Fig. 7E) . These results show that C2GAP1 is especially important for cells to chemotax in a higher-concentration cAMP gradient.
Discussion
The existence of an inhibitory process and its function in GPCRmediated gradient sensing and chemotaxis has been proposed for 40 years. Adaptation behavior of GPCR-mediated Ras activation indicates the involvement of an inhibitory process. The regulation of Ras adaptation through DDNF1 and PKB/PKBR1-mediated negative feedback mechanism has been reported (17, 18) . However, the inhibitors are still poorly understood. Here, we reveal a negative regulator of Ras signaling, C2GAP1. We show that C2GAP1 is mediated by GPCR activation and recruited from the cytosol in a Ras-dependent manner to inhibit Ras signaling for its adaptation. We also show that C2GAP1-regulated Ras adaptation is essential for chemoattractant gradient sensing and long-range chemotaxis.
GAPs are negative regulators of Ras proteins that are key components of gradient sensing and chemotaxis in both neutrophils and D. discoideum (13, 18, 23, 24, 44) . The D. discoideum genome encodes 18 GAP-like proteins. Disruption of one gap gene, ddnf1 (ddnf1 − ), results in prolonged Ras activation in response to cAMP stimulation and impaired chemotaxis toward a cAMP gradient (18) . However, whether cAR1 GPCR regulates DdNF1's function is still not clear. Our previous study suggested that a chemoattractant GPCR must control negative regulators that locally suppress Ras signaling for effective gradient sensing and efficient chemotaxis (14) . In the present study, we discovered C2GAP1 that translocates from the cytosol to the cell membrane upon cAMP stimulation and localizes at the leading edge of a chemotaxing cell, indicating its involvement in a cAR1-mediated inhibitory mechanism acting locally on Ras signaling. As previously reported, GPCR-mediated Ras activation is a complex, including F-actin-dependent positive and negative feedback loops (14, 17, 24, 25) . Actin polymerization inhibitors eliminate F-actinmediated positive and negative feedback loops and thus provide a simplified system for dissecting the F-actin-independent signaling pathway from the F-actin-dependent one. (24) , but fail to adapt persistently to the stimulation (Fig. 1) . Based on the Ras activation profiles in WT, ddnf1 − , and c2gapA − cells, we suggest that the F-actin-independent adaptation of Ras signaling includes two sequential steps: an initial, transient activation, followed by a persistent adaptation. Both DdNF1 and C2GAP1 are required for the adaptation process, but act at different steps. DdNF1 appears to be responsible for the quick turnoff of Ras activation at the initial step, and C2GAP1 plays a crucial role in persistent, longterm adaptation at the second step in the adaptation process. Moreover, F-actin-independent adaptation is involved in and contributes to the adaptation mechanism with cytoskeletal activity.
How a chemoattractant GPCR regulates inhibitors to achieve adaptation and chemotaxis in eukaryotic cells is still not clear. A theoretical study demonstrated that there are two classes of simple network for receptor-induced adaptation: an incoherent feedforward loop with a proportional node (IFFLP) or a negative feedback loop with a buffer node (NFBLB) (32, 45) . The difference between these two classes of networks is how the negative regulator is activated and consequently terminates the cell response to reach adaptation. In the IFFLP model, GPCR signaling via something other than the product of the response activates the negative regulator, while in the NFBLB model, the response itself triggers the activation of the negative regulator (8, 45) . Several models have proposed that the chemoattractant GPCR-induced inhibitions are likely IFFLP type (9, 31, 32) . In the present study, we have shown that several GPCR-mediated responses, such as PIP 3 production or actin polymerization, are not required for membrane targeting of C2GAP1 ( Fig. 2A and  Fig. S7 ). The spatiotemporal distribution of C2GAP1 relies on and closely follows Ras activation (Fig. 2 and Fig. S10 ). In addition to the GAP domain, the C2 domain is required for the membrane targeting of the C2GAP1 (Fig. 2 H and I) as it does in many other proteins in D. discoideum, such as PTEN and PI3K (26, 28, 29) . Recently, it was shown that the C2 domain of RASAL, a mammalian C2 domain-containing RasGAP protein, regulates its membrane targeting through calcium and lipids (46) . Interestingly, the basal levels of C2GAP1 membrane of all Ras mutants is similar to that in wild-type cells (Fig. S10 A-E) , and the in vitro binding assay indicates that C2GAP1 binds both − , and c2gapA − /C2GAP1 cells migrating toward a micropipette releasing 10 μM cAMP. * shows the position of the micropipette from which a cAMP gradient was generated. (B) Chemotaxis behaviors measured from A using DIAS software and described as four parameters: directionality is "total" directionality measurement, where 0 represents random movement and 1 represents straight movement to the micropipette; speed, defined as the distance that a cell's centroid moves as a function of time; total path length the total distance a cell has traveled; and roundness, an indication of cell polarization, where 0 represents a straight line, perfect polarization; and 100% represents a circle, nonpolarization. GTP-and GDP-bound Ras protein (Fig. S10A ). Taking these results together, we propose a two-step membrane-translocation mechanism of C2GAP1, which is dependent on Ras and Ras activation and requires both the C2 and GAP domains of C2GAP1. The inhibitory process of GPCR-mediated gradient sensing and chemotaxis has been suggested by many models (9, 13, 14) . The molecular mechanisms of inhibition required for adaptation during chemotaxis of eukaryotic cells are still a focal point for debates. A GPCR-mediated signaling network for chemotaxis consists of many signaling events, including activation of GPCR, G protein dissociation, Ras activation, PIP 3 production, and other events linked to actin reorganization. Theoretically, receptor-mediated adaptation could be as simple as the following: activation of receptor induces a fast excitation to generate a response, and a slow inhibition terminates the response to reach adaptation. However, the cAR1-induced adaptation occurs at many signaling steps, including Ras activation and PIP 3 production. Thus, we propose that eukaryotic cells utilize various inhibitory mechanisms at different steps of the signaling pathway for chemotaxis. In response to a cAMP gradient, cells generate different spatiotemporal responses at each signaling event that eventually lead to a directional biochemical response (gradient sensing) for chemotaxis. Activation of cAR1 induces persistent G protein dissociation/activation (12, 21) . It triggers a transient Ras activation that quickly returns to low levels around the cell membrane, but only those cells exposed to a strong and steep gradient displayed polarized Ras activation. The gradient also induces a polarized PIP 3 response through activation of PI3K in the cell membrane and redistribution of PTEN (26, 28) . Our study reveals one of the inhibitors, C2GAP1, that controls the Ras signaling event for directional sensing and long-range chemotaxis, especially in a high-concentration gradient. A similar high concentration-dependent defect in gradient sensing and directed cell migration has been reported in gip1 null cells (47) . G proteininteracting protein 1 (GIP1) binds and sequesters G proteins in the cytosolic pool, and subsequently regulates GPCR-mediated G protein shuttling between the cytosol and the membrane. It will be important to know whether the recycling of heterotrimeric G protein plays any role in the adaptation process of downstream effectors. Many other inhibitory mechanisms are yet to be identified in the GPCR-mediated network for chemotaxis, and future studies are needed to reveal additional negative inhibitors essential for the chemotaxis of eukaryotic cells.
Materials and Methods
Chemotaxis Assay. As was previously described (12) , cells were placed in a onewell chamber (Nalge Nunc International) and imaged with a Zeiss laser scanning microscope, LSM 780 or LSM 880, with a 63×, 1.4 N.A. Plan-Neofluar objective lens. A chemoattractant gradient was generated with a microinjector (Eppendorf) connected to a micropipette filled with cAMP solution. Cell migration was recorded at 10-s intervals. Computer analysis was performed using DIAS software (43) .
GAP Activity Measurement of C2GAP1. A total of 1 μM of RasG with and without an equal amount of C2GAP or mutant was incubated with 50 μM of GTP at 20°C in 50 mM Tris pH 7.5, 50 mM NaCl, and 5 mM MgCl 2 . After different times, the GDP content of the samples was analyzed by a HPLC (Themo Ultimate 3000): a reversed phase C18 column was employed to detect GDP and GTP content (by percentage) as previously described by Eberth and Ahmadian (48) . Linear rates of GDP production were plotted (first four to eight time points) using GraFit 5.0 (Erithacus software). Full materials and methods are described in SI Materials and Methods.
